Abstract. The gas-phase conformations of the protonated forms of the DNA and RNA cytosine mononucleotides, [ , provide insight into the effects of protonation versus deprotonation on the conformational features of the nucleobase and sugar moieties. Likewise, comparisons to results of IRMPD spectroscopy studies of the protonated cytosine nucleosides provide insight into the influence of the phosphate moiety on structure. Comparison with previous ion mobility results shows the superiority of IRMPD spectroscopy for distinguishing various protonation sites.
Introduction
T he cytosine nucleobase is a major contributor to the formation of various noncanonical base pairs [1] [2] [3] [4] . Because the N3 and O2 sites of cytosine have very similar proton affinities, both potential sites of protonation may increase the chance of cytosine being protonated and forming hydrogen bonds with adjacent nucleobases [5, 6] . For this reason, many experimental and theoretical studies have focused on the chemical and structural properties of cytosine nucleobases, nucleosides, and nucleotides [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . In particular, Filippi et al. [17] have studied the gas-phase conformations of the protonated cytosine nucleosides, [dCyd+H] + and [Cy+H] + , using infrared multiple photon dissociation (IRMPD) action spectroscopy and theoretical calculations. We have also studied gas-phase conformations of [dCyd+H] + and [Cy+H] + using a similar experimental and theoretical approach [18] . Both studies concluded that N3 and O2 protonated cytosine nucleosides coexist in the experiments. The cytosine nucleobases of the stable N3 and O2 protonated cytosine nucleosides populated in the experiments are exclusively anti oriented, and stabilized by a noncanonical C6H···O5' hydrogen-bonding interaction. Gidden et al. [20] also examined the gas-phase conformation of the protonated DNA cytosine mononucleotide, [pdCyd+H] + using ion mobility and theoretical modeling. They determined that the most stable conformation of [pdCyd+H] + is protonated at N3 and exhibits an anti nucleobase orientation, forming a weak noncanonical hydrogen-bonding interaction with the oxo oxygen atom of the phosphate moiety. Nei et al. [21, 22] employed the IRMPD action spectroscopy along with theoretical calculations to study the gas-phase conformations of the deprotonated DNA and RNA cytosine mononucleotides, [pdCyd-H] -and [pCyd-H] -. They found that in the most stable conformations, the deprotonated phosphate moiety forms a strong hydrogenbonding interaction with the 3'-hydroxyl substituent, thus favoring C3'-endo sugar puckering, and a weak noncanonical hydrogen-bonding interaction with the C6H atom, with cytosine in an anti orientation. As interactions of divalent metal ions with nucleic acids are of great importance in various biological processes [23, 24] , Salpin et al. [25] characterized the gasphase conformations of Pb 2+ complexed with the DNA and RNA cytosine mononucleotides, pdCyd and pCyd, again using IRMPD action spectroscopy and theory. They found that Pb 2+ binds to pdCyd or pCyd in a tetradentate fashion, where Pb 2+ chelates with the deprotonated phosphate moiety and the cytosine nucleobase, and stabilizes a syn orientation of cytosine.
The IRMPD action spectroscopy technique has also been utilized to determine the gas-phase conformations of other nucleic acid constituents [16-18, 21, 22, 26-32] . Interestingly, for the deprotonated versus protonated purine DNA and RNA mononucleotides [21, 22, 31, 32 ] the orientation of the purine nucleobase switches from anti to syn for adenine, and syn to anti for guanine. Moreover, the sugar configuration of the purine mononucleotides switches from C3'-endo for the deprotonated species to C2'-endo for the protonated species. Therefore, the pH of the local environment greatly influences the nucleobase orientation and sugar configuration of the purine mononucleotides. In the current study, we examine the gas-phase conformations of the protonated forms of the DNA and RNA cytosine mononucleotides, [pdCyd+H] + and [pCyd+H] + , using the IRMPD action spectroscopy technique. Comparison of the stable gas-phase conformers of protonated versus deprotonated pdCyd and pCyd reveals the influence of pH on the structures, particularly the cytosine nucleobase orientation and sugar puckering [21, 22] . In addition, as both N3 and O2 protonation are equally important for cytosine and cytosine nucleosides [6, 17, 18] , it is of great interest to see if the presence of the phosphate moiety alters the protonation preferences of the cytosine nucleobases of the mononucleotides. The effects of the phosphate moiety on the structural features can be determined by comparing the gas-phase conformations of [ 
Experimental and Computational Methods

IRMPD Action Spectroscopy Experimental Procedures
A 4.7 T Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS) [33] [34] [35] was coupled to a widelytunable free electron laser (FEL) [36] or an OPO/OPA laser system to acquire IRMPD action spectra of [pdCyd+H] + and [pCyd+H] + over the IR fingerprint and hydrogen-stretching regions. The mononucleotides, pdCyd and pCyd, were purchased from Sigma-Aldrich Zwijndrecht, the Netherlands. Approximately 1 mM pdCyd or pCyd and 10 -20 mM HCl were dissolved in 50%:50% MeOH/H 2 O solutions. The solutions were delivered to a Micromass "Z-spray" electrospray ionization (ESI) source at a flow rate of~3.5-8.0 μL/min. Ions emanating from the ESI source were accumulated in an rf hexapole ion trap for several seconds to ensure efficient thermalization of the ions, and then pulse extracted through a quadrupole bender. The ions were transferred through a 1-m long rf octopole ion guide to the FT-ICR cell and stored in the cell to cool to room temperature by radiative emission [34] .
[pdCyd+H]
+ and [pCyd+H] + ions were isolated using stored waveform inverse Fourier transform (SWIFT) techniques and irradiated for 1.5-3 s by the FEL (10 pulses/s with 15-50 mJ/ pulse) or 3-4 s by the OPO/OPA laser system (10 pulses/s with 10-20 mJ/pulse) to induce IR photodissociation over the IR fingerprint and hydrogen-stretching regions, respectively.
Theoretical Calculations
The chemical structures of neutral pdCyd and pCyd are displayed in Figure 1 . All favorable protonation sites are examined including N3, O2, and the phosphate oxo oxygen atom. Three hundred candidate structures for each site of protonation were generated by simulated annealing using HyperChem software [37] with the Amber 2 force field. The simulated annealing procedure employed in this study parallels that described in detail previously [18, 26, 27] . Geometry optimizations, frequency analyses, and single point energy calculations of 20-30 candidate structures for each protonation site were performed using the Gaussian 09 suite of programs [38] . All candidate structures were first optimized at the B3LYP/6-31G(d) level of theory to facilitate convergence, and then re-optimized using a larger basis set, 6-311+G(d,p), to improve the description of the intramolecular hydrogenbonding interactions. Frequency analyses were also performed at the B3LYP/6-311+G(d,p) level to generate calculated IR spectra. Single point energies were calculated at the B3LYP and MP2(full) levels of theory using the 6-311+G(2d,2p) basis set including zero-point energy (ZPE) and thermal corrections to 298 K. Due to anharmonicity of the vibrational modes of the phosphate moiety, scaling factors between 0.98 and 1.07 are needed to bring the computed frequencies into agreement with measured values [21, 22, [39] [40] [41] [42] [43] [44] [45] . In this work, in the calculated spectra shown in the figures, frequencies below 1350 cm -1 (shown in red) are left unscaled, (i.e., scale factor = 1) to best reproduce the measured bands associated with the phosphate moiety [21, 22, 42, 43] . A scaling factor of 0.986 is applied to frequencies above~1350 cm -1 in the IR fingerprint region (shown in blue), whereas a factor of 0.958 is used for the hydrogen-stretching region (shown in green) [17, 18] . The scaling factors chosen here allow the predicted vibrational modes to best match the measured spectra. In addition, the calculated vibrational frequencies are broadened using a 20 cm -1 fwhm Gaussian line shape over the IR fingerprint region, and 10 cm -1 broadening for the hydrogen-stretching region, to best reproduce the shapes of the measured IRMPD profiles.
Results
IRMPD Action Spectroscopy
The FELIX free electron laser and an OPO/OPA laser system were used to induce photodissociation of [pdCyd+H] + and [pCyd+H] + , which produces protonated cytosine, [Cyt+H] + , as the primary ionic product detected. H 2 PO 3 + was also observed as a minor product in the photodissociation of [pdCyd+H] + when induced by the FELIX free electron laser. The ratio of the total product ion intensity and that of the protonated mononucleotide, [ 
The IRMPD yield was corrected for variations in the laser power as a function of the wavelength of the FEL or OPO lasers using linear scaling. IRMPD action spectra of [pdCyd+H] + and [pCyd+H] + were measured over the ranges extending from~550 to 1900 cm -1 and~3300 to 3800 cm -1 and are shown in the top panels of Figures 2 and 3 , respectively.
Theoretical Results
The B3LYP/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) and , where B3LYP theory also predicts that cytosine is protonated at N3 and exhibits an anti orientation and the sugar exhibits C2'-endo puckering. The N3A conformer of [pdCyd+H] + is also predicted as the ground-state structure by MP2 theory. In contrast, MP2 theory predicts that the phosphate oxo oxygen atom is the preferred site of protonation for [pCyd+H] + . In this MP2 ground-state PA conformer of [pCyd+H] + , strong P=OH + ···O2 and P− OH···O4' + with the calculated IR spectra predicted for the ground-state and most representative conformers for each protonation site of [pdCyd+H] + and the corresponding B3LYP/ 6-311+G(d,p) optimized structures. Also shown are the B3LYP/ 6-311+G(2d,2p) (in black) and MP2(full)/6-311+G(2d,2p) (in red) relative Gibbs free energies at 298 K. The site of protonation, nucleobase orientation, and sugar puckering are also indicated for each conformer. To facilitate comparison of the measured and calculated spectra, the IRMPD spectrum is overlaid (in grey) with each calculated spectrum and scaled to match the intensity of the most intense feature in each region. Regions exhibiting obvious discrepancies between the measured and computed IR features are highlighted intramolecular hydrogen-bonding interactions are formed that favor a syn nucleobase orientation and C3'-endo sugar puckering. MP2 theory predicts the PA conformer of [pdCyd+H] + to be 3.1 kJ/mol less stable than the N3A conformer. However, the PA conformers of both [pdCyd+H] + and [pCyd+H] + are predicted by B3LYP theory to be >10 kJ/mol less stable than the N3 protonated B3LYP ground-state conformers. Clearly, MP2 exhibits a strong bias toward the intramolecular hydrogen-bonding interactions between the syn-oriented nucleobase and phosphate moieties. Sites of protonation, N3, and phosphate oxo oxygen atom greatly influence the nucleobase orientation and sugar puckering for pdCyd and pCyd. The O2 protonated analogues of the N3A conformers of [pdCyd+H] + and [pCyd+H] + , O2A, are also shown in Figures 2 and 3 respectively. Both conformers are predicted to be <10 kJ/mol higher in energy than the N3A conformers at the B3LYP and MP2 levels of theory.
The relative enthalpies and Gibbs free energies at 0 and 298 K of the low-energy conformers of [pdCyd+H] + and [pCyd+H] + computed are summarized in Table 1 . These lowenergy conformers along with their relative free energies at 298 K computed at both the B3LYP and MP2(full) levels of theory are shown in Supplementary Figures S1 and S2 of the Electronic Supplementary Information. The low-energy conformers chosen for display include all combinations of the favorable protonation sites, nucleobase orientations, and sugar puckering. In particular, initial structures protonated at the phosphate moiety always converged to O2 protonated syn species except for the PA conformers that exhibit both P=OH + ···O2 and P−OH···O4' intramolecular hydrogenbonding interactions. The nomenclature chosen to differentiate the various stable conformers found is based on the site of protonation (N3, O2, P) followed by a capital letter (A, B, C, D, E, etc.) when highly parallel conformers are found for both [pdCyd+H] + and [pCyd+H] + . Unique conformations found for [pCyd+H] + that result from the presence of the 2'-hydroxyl substituent are designated using a lowercase Roman numeral following the site of protonation (i.e., N3i, N3ii, N3iii, O2i, O2ii, O2iii, O2iv, O2v, O2vi, and O2vii). Overall, for both [pdCyd+H] + and [pCyd+H] + , there are more O2 protonated conformers predicted than N3 protonated conformers as O2 protonation allows a syn nucleobase orientation, which enables hydrogen-bonding interactions with the phosphate moiety, whereas syn-oriented conformers are not found for N3 protonated conformers.
Discussion
Elucidation of Conformations of [pdCyd+H] + Populated in the Experiments
The measured IRMPD and calculated IR spectra of the groundstate and most representative low-energy conformers for each favorable site of protonation, N3A, O2A, O2C, and PA of [pdCyd+H] + are compared in Figure 2 over the IR fingerprint and hydrogen-stretching regions. Diagnostic differences observed between the measured and calculated spectra are highlighted in the figure. The calculated IR spectra of N3A and O2A both agree well with the measured IRMPD spectrum. Further, these spectra complement each other and exhibit unique IR bands that indicate that both conformers must be present. In particular, the band observed at 1800 cm -1 is contributed by N3A, whereas the band observed at 1493 cm -1 is contributed by O2A. The broad band observed between 1530 and 1570 cm -1 is contributed by the calculated bands at 1536 and 1565 cm -1 of N3A and O2A, respectively. In addition, only the O2A conformer contributes to the minor band observed at 3576 cm . This shift may be due to anharmonicity of the O2-H stretching mode, as the O2 proton is likely to interact with the adjacent N3 atom. The sharp bands predicted at 1214 and 1258 cm -1 for the O2C and PA conformers, respectively, are shifted to lower frequencies relative to the measured band at 1284 cm , the small shoulder of the calculated band at 3661 cm -1 of O2C, is not observed in the measured spectrum. The sharp band predicted at 1589 cm -1 of PA is shifted to a higher frequency and a lower frequency relative to the measured bands at 1570 and 1616 cm + and the corresponding B3LYP/6-311+G(d,p) optimized structures. Also shown are the B3LYP/6-311+G(2d,2p) (in black) and MP2(full)/6-311+G(2d,2p) (in red) relative Gibbs free energies at 298 K. The site of protonation, nucleobase orientation, and sugar puckering are also indicated for each conformer. To facilitate comparison of the measured and calculated spectra, the IRMPD spectrum is overlaid (in grey) with each calculated spectrum and scaled to match the intensity of the most intense feature in each region. Regions exhibiting obvious discrepancies between the measured and computed IR features are highlighted shifted to a higher frequency relative to the weak band observed at 3540 cm -1 . Further, the bands predicted at 3648 and 3683 cm -1 for PA also exhibit obvious discrepancies relative to the measured band at 3661 cm . Therefore, the anti-oriented N3A and O2A conformers coexist in the experiments and contribute to the measured IRMPD spectrum, whereas the syn-oriented O2C conformer and the MP2 ground-state conformer, PA, are not populated in measurable abundance in the experiments. The relative band intensities as well as the computed relative stabilities suggest that N3A is considerably more abundant than O2A. The measured IRMPD and calculated IR spectra of the other low-energy conformers of [pdCyd+H] + are compared over the IR fingerprint and hydrogen-stretching regions in Supplementary Figures S3 and S4 of the Electronic Supplementary Information. The calculated IR spectra of these conformers all exhibit distinctive differences from the measured IRMPD spectrum, indicating that they are not present in measurable abundance in the experiments. A more detailed discussion of these comparisons is provided in the Electronic Supplementary Information. In summary, comparisons of the measured IRMPD and calculated IR spectra of the low-energy conformers of [pdCyd+H] + suggests that only the most stable anti-oriented N3 and O2 protonated conformers, N3A and O2A, are important contributors in the experiments. Vibrational mode assignments of the measured IRMPD spectrum of [pdCyd+H] + are interpreted based on the calculated IR spectra of these two conformers, and are summarized in Table 2 .
Elucidation of Conformations of [pCyd+H] + Populated in the Experiments
The measured IRMPD and calculated IR spectra of the groundstate and most representative low-energy conformers for each favorable site of protonation, N3A, O2C, O2A, and PA of [pCyd+H] + are compared in Figure 3 over the IR fingerprint and hydrogen-stretching regions. Diagnostic differences observed between the measured and calculated spectra are highlighted in the figure. Similar to that found for [pdCyd+H] + , the calculated IR spectra of the N3A and O2A conformers of [pCyd+H] + are complementary, such that all of the spectral a Single point energy calculations using the B3LYP/6-311+G(d,p) optimized structures are performed at the B3LYP/6-311+G(2d,2p) and MP2(full)/6-311+G(2d,2p) levels of theory and include ZPE and thermal corrections.
features of the measured IRMPD spectrum can only be explained by the presence of both conformers. The minor IR feature predicted at 3695 cm -1 for N3A and O2A, arising from 3'-hydroxyl stretching, is shifted relative to the band observed at 3661 cm
. This shift is due to the anharmonicity of the hydrogen-bonding interaction between the two hydroxyls of the sugar moiety. Therefore, this feature is not diagnostic. Similarly, the 3'-hydroxyl stretch predicted at 3688 and 3683 cm -1 for O2C and PA, respectively, are not diagnostic. However, other discrepancies between the measured IRMPD and calculated IR spectra of O2C and PA are sufficient to eliminate these conformers as important contributors to the experimental population. The sharp bands predicted at 1216 and 846 cm -1 for O2C are too intense relative to the measured bands at those wavenumbers. The calculated band at 1523 cm -1 of O2C is shifted to a higher frequency relative to the band observed at 1503 cm -1 . The broad IR band predicted at 3562 cm -1 for O2C is shifted to higher and lower frequencies relative to the measured bands at 3540 and 3576 cm -1 , respectively. The sharp band predicted at 1257 cm -1 for PA is shifted to a lower frequency relative to the band observed at 1293 cm . The calculated band at 3640 cm -1 of PA is also shifted to a lower frequency relative to the band measured at 3661 cm -1 . Therefore, similar to that found for [pdCyd+H] + , the antioriented N3A and O2A conformers are populated in the experiments, whereas and syn-oriented O2C and PA conformers are not present in measurable abundance. The measured IRMPD and calculated IR spectra of the other low-energy conformers found for [pCyd+H] + are compared over the IR fingerprint and hydrogen-stretching regions in Supplementary Figures S5-S7 of the Electronic Supplementary Information. The discrepancies observed between the measured and calculated spectra suggest that these conformers are not populated in measurable abundance in the experiments. A more detailed discussion of these comparisons is provided in the Electronic Supplementary Information.
In summary, similar to [pdCyd+H] + , comparison between the measured and calculated IR spectra of [pCyd+H] + indicates that the anti-oriented N3A and O2A conformers of [pCyd+H] + are populated in the experiments. The calculated spectrum of the O2D conformer also agrees reasonably well with the measured spectrum, except for two small bands in the hydrogenstretching region. Thus, the O2D conformer may also be populated in the experiments, but if so, it is present in very small abundance. Vibrational mode assignments of the measured IRMPD spectrum of [pCyd+H] + are interpreted based on the calculated IR spectra of N3A and O2A, and are summarized in Table 2 Table 3 . In all cases, the RNA nucleosides and nucleotides exhibit slightly shorter glycosidic bonds than their DNA counterparts, suggesting that the 2'-hydroxyl substituent stabilizes the glycosidic bond. The phosphate oxo oxygen atoms of [pdCyd+H] + and [pCyd+H] + facilitate a stronger C6H···O=P intramolecular noncanonical hydrogen-bonding interaction 
Influence of the Phosphate Moiety
For both protonated cytosine nucleosides and nucleotides, the anti-oriented N3A and O2A protonated conformers are found to coexist in the experimental population. These conformers all exhibit an anti nucleobase orientation and C2'-endo sugar puckering. The geometrical parameters summarized in -have previously been examined by IRMPD spectroscopy and theory [21, 22] . These studies found that in the ground-state structures of both [pdCyd-H] -and [pCyd-H] -the oxo oxygen atoms of the deprotonated phosphate moiety form a strong hydrogen bond to the 3'-hydroxyl hydrogen atom, and a weaker noncanonical hydrogen bond to the C6-H atom, respectively. The strong and weak noncanonical hydrogen bonds stabilize C3'-endo sugar puckering and the anti nucleobase orientation, respectively. Clearly, the differences observed in the hydrogen-bonding interactions with the sugar of the deprotonated versus protonated phosphate moiety suggests that pH may have a more significant influence on the sugar puckering than on the nucleobase orientation for pdCyd and pCyd.
Comparison to Ion Mobility Results
Gidden et al. [20] used ion mobility spectrometry and theoretical calculations to investigate the gas-phase conformation of [pdCyd+H] + . They found that the most stable conformer is protonated at N3, exhibits an anti nucleobase orientation, and C2'-endo sugar puckering, consistent with the present results. The ion mobility technique is able to distinguish the nucleobase orientation and sugar configuration of [pdCyd+H] + . However, the cross-sections for [pdCyd+H] + protonated at other favorable protonation sites are very similar, such that absolute assignment of the site of protonation could not be made based on the ion mobility experimental results. This limitation of the ion mobility technique is overcome for the IRMPD spectroscopy experiments, where N3 and O2 protonation of pdCyd and pCyd are found to be roughly equally important, as both N3 and O2 protonated conformers must coexist in the experiments to reproduce all of the spectral features observed in the measured IRMPD spectra. Nevertheless, it is worth mentioning that the helium drift gas used in the previous ion mobility experiments [20] might be the pitfall. Use of nitrogen drift gas has proven to be effective at distinguishing conformers exhibiting similar cross-sections, but protonated at different sites [46] .
Conclusions
Comparisons of the measured IRMPD and calculated IR spectra in the IR fingerprint and hydrogen-stretching regions suggest that both N3 and O2 protonated conformers of [ . For both the protonated cytosine nucleosides and nucleotides, the N3 and O2 protonated conformers populated in the experiments exhibit an anti orientation of the nucleobase, which is stabilized by a noncanonical C6H···O hydrogen-bonding interaction. The stronger hydrogen-bonding interactions with the phosphate moiety limit , stabilizes an anti nucleobase orientation and C3'-endo sugar puckering. Therefore, changes in pH are likely to impact the sugar puckering, but not the nucleobase orientation of the cytosine nucleotides.
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